ABSTRACT A new type of biological particle, isolated from the marine dinoflagellate Gonyaulax polyedra, has been partially purified and characterized.
Gonyaulax (5, 6) . It was found that a particle could be isolated at p H 8.2 which, w h e n the p H was lowered to 5.7, would emit a flash very similar to that of the living cell. T h e t e r m scintillon (flashing unit) was coined to refer to this particle. It was j u d g e d that the scintillon was involved in the flashing of the intact organism, p r e s u m a b l y being a p p r o p r i a t e l y e m b e d d e d in the cytoplasm a n d controlled by m e m b r a n e -r e l a t e d electrophysiological events, such as have been recently elucidated by Eckert in Noctiluca (7, 8) .
This p a p e r describes studies concerned with the properties and identity of scintillons. T h e relationship between scintillons a n d the previously described soluble e n z y m e a n d substrate which results in bioluminescence was considered in a recent review article in a symposium volume (13) , where some additional experiments concerned with scintillons were also presented.
M A T E R I A L S AND M E T H O D S
The photosynthetic marine dinoflagellate Gonyaulax polyedra was grown in a supplemented seawater medium (93) using fluorescent lamps scheduled to provide alternate 12 hr periods of light and dark. Cells were harvested by filtration during the light period, at which time the best yields of scintillons were obtained.
Active scintillons were isolated by relatively gende mechanical rupture of the cells in buffer at pH 8.2 using a TenBroeck homogenizer (13) . Large debris such as unbroken cells, cell walls, etc. was removed by low-speed centrifugation; active particles can then be sedimented at 30,000 g for 10 rain. The resuspended pellet provides a source of crude scintillons.
Purification was carried out by isopycnic density gradient centrifugation using either the Servall refrigerated or the Spinco L-2 centrifuge. Gradients were prepared by layering different concentrations of sucrose usually ranging from 1.08 to 1.32 g cc -1. In this technique a particle comes to rest in the tube at a position corresponding simply to its buoyant density. Scintillons have a density of about 1.23 g cc -l, and are relatively large. They move to a position close to the equilibrium relatively rapidly. At 25,000 rpm in the SW 25.1 rotor a discrete band is well-formed within 45 rain; between 2 and 5 hr are required for final equilibrium to be achieved, which involves primarily a narrowing of the half-band width (24) .
Bioluminescence was measured utilizing a photomultiplier, recording with either an oscilloscope or a high-speed graphic recorder. For experiments in which prompt and uniform mixing was required, the stopped-flow rapid mixing apparatus of Gibson and Milnes (9) was used. In routine assays mixing was achieved simply by rapidly squirting 0.03 N acetic acid from a syringe into a vial containing scintillons positioned above the phototube. In both cases, equal volumes of the two solutions were used, the scintillons being suspended in 0.05 M Tris buffer, pH 8.2 with 4 % sucrose added. The sucrose was found not to be essential and was omitted in some of the later work. The pH of all buffers was measured at room temperature even though many of the experiments presented were carried out at lower temperatures.
l~luorescence and phosphorescence measurements were made with the AmincoBowman 4-8100 spectrophotofluorometer and absorption measurements with the Cary Model 15, the Bausch and Lomb 505, or Zeiss PMQ, II spectrophotometer. Electron microscopy was performed using standard techniques with the RCA EMU-3 microscope; 50 Kv accelerating voltage was used throughout.
If scintillons collected only from the center of the active region in a sucrose density gradient are layered again on another gradient, a second sedimentation results in a purification such that the bulk of the visible particulate impurities is separated from the activity. Inspection by electron microscopy of the fractions collected from this centrifugation reveals the presence of crystallinelike structures as the major component (Fig. 1) . Their numbers, as measured by the sprayed droplet technique of Backus and Williams (1), are very closely proportional to the scintillon activity measured in samples from the same fractions (Fig. 2) . Although other materials are present in the electron microscope pictures, no other structure is seen to occur predominantly in the tubes having scintillon activity.
As may be noted from Fig. 1 , the size of individual particles varies substantially, but there appears to be no correlation between their distribution in the density gradient and size.
If, instead of using the more purified preparations from the second gradient, one examines in the electron microscope the fractions from a first gradient, one finds that there are many more of these crystal-like structures, especially at the bottom of the tube. However, the activity is still found exclusively at the characteristic level. The quantity of this heavier crystalline material is very substantial, so that its isolation in quantity is not difficult. Suspended in H 2 0 at neutral pH, the crystals exhibit an absorption (Fig. 3 ) which may be largely attributed to Rayleigh scattering, although an anomalous and as yet unexplained absorption band occurs at about 325 m~. The crystals are soluble in dilute acid or base and the absorption in the ultraviolet is then very apparent, being specifically identifiable as that of guanine (Fig. 4) .
The distribution of the crystals after centrifugation of the crude scintillon preparation in a density gradient may be deduced from the measurements shown in Fig. 5 , where the location of the guanine is estimated by its fluorescence. Also shown in this figure is the distribution of scintillon activity and that of visible absorption, measured at 675 m~, and assumed to be due primarily to chloroplast fragments.
Although guanine is apparently not known to crystallize in the birhombohedral form, our identification of the crystals as guanine seems unambiguous. In addition to the absorption spectra, which are highly diagnostic, the fluorescence and phosphorescence match those of authentic guanine (Fig. 4) , including the lifetime of the phosphorescence (tl/~ = 1.41 see) at 77°K. In addition, although not illustrated in the figure, the guanine isolated from the I o 9 FIGURE 1 C FIGURE 1. Examples of the electron micrographs used in obtaining the data presented in Fig. 9 . Fractions collected from a sucrose density gradient centrifugation were mixed with a known number of polystyrene latex particles (288 m# diameter) and the mixtures were then sprayed onto microscope grids according to the method of Backus and Williams (1). Electron micrographs were then taken of droplets on the several grids. An average of 19 droplets was photographed from each fraction and a count was made of the number of scintillons and latex particles present. The data plotted in Fig. 2 are an average of all the droplets counted for a given fraction. Figs. 1 a, 1 b, and 1 c are photographs of samples from fractions 8 9, 10, and 11 respectively of Fig. 2 . S = scintilIons; L = latex particles cells e x h i b i t s t h e c h a r a c t e r i s t i c s p e c t r a l shifts w h i c h o c c u r u p o n c h a n g i n g the p H (16) . C e l l g u a n i n e a n d a u t h e n t i c g u a n i n e r a n t o g e t h e r o n p a p e r c h r o m a t o g r a m s in t w o d i f f e r e n t s o l v e n t systems a n d n o o t h e r u l t r a v i o l e t -a b s o r b i n g spots w e r e d e t e c t e d on the d e v e l o p e d c h r o m a t o g r a m s . I n a b u t a n o l -w a t e r s o l v e n t a n R i of 0.15 was o b t a i n e d for b o t h s a m p l e s . I n a w a t e r s y s t e m ( p H a d j u s t e d to 10 w i t h N H 4 O H ) a u t h e n t i c g u a n i n e m o v e d 15.4 c m c o m p a r e d to 15.6 c m for cell g u a n i n e . T h e R I v a l u e s w e r e n o t d e t e r m i n e d in this case b e c a u s e to FIGURE 2. Sedimentation pattern of bioluminescent particles following centrifugation in a sucrose density gradient. 5 ml of a particle suspension were layered on a linear sucrose gradient (1.08 to 1.32 g cc -1) and centrifuged at 25,000 rpm in the Spinco SW 25.1 for 45 min at 0°C. This time is adequate for the scintillons to band close to the final equilibrium position (24) . Bioluminescence is correlated with the presence of chevron-shaped particles. The ordinates are, left, bioluminescence, expressed as the total number of quanta emitted by the fraction in the standard scintillon assay; right, total number of chevron-shaped particles in the fraction. . This figure presents the absorption spectra of the chevron-shaped crystals isolated from the bottom fractions of a sucrose density gradient centrifugation experiment (Fig. 5 ). These crystals were simply resuspended in water to obtain the spectrum labeled "crystals suspended in H20;" examination of a similar quantity of crystals dissolved in 0.1 N HC1 produced the other spectrum and indicates that the substance was guanine.
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improve resolution the solvent front was allowed to move off the paper, which was 39 cm long. The buoyant density of both authentic and cell guanine crystals was found to be between 1.73 and 1.74 g cc -1. The determination was made in the Spinco SW39 rotor utilizing a preformed gradient of CsC1; 0.05 ml of dilute suspension of the guanine crystals was layered on top of the gradient and centrifuged at 105,000 g for 1 hr. Fractions were then obtained by piercing the bottom of the centrifuge tube with a needle and collecting drops. Guanine was esti- mated from the optical density at 275 m# of aliquots diluted in 0.1 N HC1. The density of each fraction was then determined accurately by measuring the refractive index in a calibrated Zeiss refractometer and converting these data to density values with the relationship given by Ifft et al. (15) . Four experiments were performed, giving values of 1.739, 1.728, 1.741, and 1.731 g cc -I, the first two for authentic guanine and the latter two for cell guanine. The actual value for the density cannot be assigned more accurately because of the limitations imposed by the method of collecting fractions. More accurate determinations could be made with the analytical centrifuge.
The crystals (Fig. 1 ) which correlate in number with scintillon activity These observations suggest that the scintillon is a complex structure having a guanine crystal associated with it in some way. Neither authentic guanine nor cell guanine has bioluminescence activity, nor does added guanine in any w a y influence the activity or stability (see below) of scintillons.
Light emission has been obtained from isolated scintiUons only by lowering the p H of the suspending medium. Attempts to obtain luminescence in other ways have not been successful. Quantitative data relating both the m a x i m u m initial light intensity and total yield of photons to the final pH are shown in Fig. 6 ; a relatively sharp optimum occurs at pH 5.7. The glow which occurs at a low p H has not been studied.
Aside from oxygen, no other factors are required in the reaction. This is illustrated by the experiment of Fig. 7 , which shows that the luminescence obtained from a particle preparation is directly proportional to the number of particles over a 100,000-fold range. The results are consistent with the assumption that the activity of each scintillon is independent of the others, requiring no soluble factor (other than oxygen), and does not involve a factor Fmum~ 6. The effect of pH on the intensity of light and total light produced by isolated scintillons. Measurements were made in the stopped-flow apparatus. Equal volumes of a scintillon suspension at pH 7.6 and buffer at a lower pH were rapidly mixed to arrive at the final pH indicated. The particles were suspended in 4% sucrose, 0.01 M EDTA, buffered to pH 7.6 with 0.005 M Tris-maleate. The buffers used to change the pH were 0.05 M and were selected on the basis of their useful pH ranges.
which is dissociable upon dilution. The deviation at very high concentrations is attributed to self-absorption of light by the turbid, colored materials present in the crude scintillon preparations (see Fig. 5 ), and not to Lnhibition of activity per se. The fact that the intensity and yield parallel one another documents the observation that the dme course of the flash is independent of dilution.
Oxygen is not required at the moment when the p H is changed, but-will stimulate luminescence if added a few seconds after anaerobic mixLng of acid and scintillons. This matter has not been studied further; the lffedme of the intermediate is not known.
The in vitro flash is temperature-dependent Ln the usual way, the reacdon being faster at higher temperatures over the range of 2 ° to 20°C. Examples 10-5 t0-4 i0-3 10-2 10 -1 10 °
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F:oum~ 7. This figure illustrates the linearity between light production and particle number. Each experimental point was obtained by rapidly squirting 1 ml of 0.03 N acetic acid into a vial containing 0.9 ml 0.005 N Tris-maleate buffer, pH 7.6, and 0.1 ml of appropriately diluted particle suspension. Intensity values were read directly from high-speed recorder records and total light values obtained by integration. Assays were performed at approximately 22°C. The lines are theoretical for strict proportionality.
effect of t e m p e r a t u r e u p o n the decay phase of the flash, both in vivo a n d in vitro, is illustrated in Fig. 9 ; the a p p a r e n t activation energy differs slightly for the two. In contrast to particles such as m i t o c h o n d r i a or lysosomes, the tonicity of the suspending m e d i u m appears to have relatively little effect u p o n the activity of scintillons. So long as the p H is m a i n t a i n e d at a b o u t p H 8.2, the scintillons a p p e a r to be as stable in distilled water as in saturated sucrose or 0.01 N NaC1.
Some inactivation, which is at least partially reversible, occurs at higher salt concentrations, but this has not been investigated.
Scintillons are subject to physical damage, for example by mechanical grinding or ultrasonic treatment. An activity loss which may also be ascribed to physical damage occurs upon freezing and thawing.
At every temperature investigated thus far, down to 77°K, there is a detectable loss of activity upon storage. The reason for this is not known, but it is : '°-r The experiments were carried out as described in the legend to Fig. 8 .
T A B L E I

EFFECT OF T E M P E R A T U R E ON T H E IN V I T R O FLASH OF SCINTILLONS
temperature-dependent, so that the half-life at 77°K may be measured in weeks or months (24) . Thermal destruction also occurs; scintillons are rapidly inactivated at temperatures above 30°C with a high activation energy, about 82 kcal (Fig.  10 ). This result indicates that protein may be an essential component of the system.
It was shown by Hastings and Sweeney (12) that the soluble luminescent system from Gonyaulax requires a high salt concentration for maximum activ- in E D T A -f r e e buffer w i t h salts at the c o n c e n t r a t i o n s noted, a n d bioluminescencc was initiated by m i x i n g w i t h a n equal v o l u m e of 0.03 u acetic acid. At a c o n c e n t r a t i o n of 10 -s xt salt, there was no inhibition observed w i t h the following: CsC1, M g C 1 2 , LiC1, KC1, NaC1, BaC12, A I C l s , CrCls , M n C I~.
F e C l s , CoCl2 , NiCI2 .
T A B L E I I I E F F E C T O F Z I N C I O N O N T H E I N T E N S I T Y A N D Q U A N T U M Y I E L D O F S C I N T I L L O N B I O L U M I N E S C E N C E
Zinc concentration Rise time 1Io, quanta so= X 10-u k, decay Total quanta X I0-te Scintillons were i n c u b a t e d for 4 rain in E D T A -f r e e buffer at the zinc c o n c e n t r a t i o n s indicated, a n d t h e n m i x e d in the stopped-flow a p p a r a t u s w i t h a n equal v o l u m e of 0.03 N acetic acid to initiate bioluminescence. marized in Table II . A striking inhibitory effect was observed with salts of silver and mercury at concentrations of about 10 -5 M. The action of copper ions, like that of silver and mercury, decreased the intensity without any effect upon the kinetics, as though a certain fraction of the scintillons was inactivated. With zinc, on the other hand, an inhibition of the bioluminescence intensity was accompanied by a flash having longer duration, such that the final yield was not decreased as much as the initial intensity (Table III) . The mechanism of inhibition by these several ions is not known, but more detailed investigation of the mode of action, especially that of zinc, might be useful. In all cases tested the inhibition could be reversed by treatment with ethylenediaminetetraacetic acid (EDTA).
A variety of detergents were tested for their action on scintillons. This was of interest in relation to the hypothesis that a lipid-like material might be involved in the scintillon structure, and most of the detergents tried resulted in a complete loss of activity at a concentration of 0.5%. These included Triton X-100, Triton W-30, Triton 770, Duponal C, and deoxycholate. At the same concentration, however, Tween 80 was without effect upon bioluminescence.
D I S C U S S I O N
These results may be considered in the context of two statements which summarize our knowledge and hypotheses concerning scintillons.
1. A large, rapidly sedimenting particle, termed the scintillon, which is capable of emitting a light flash whenever the pH is lowered from about 8 to 5.7, may be isolated and purified from cell extracts. It is hypothesized that this particle exists in a similar form in vivo, presumably embedded in the cytoplasm in an appropriate fashion, and that it is responsible for the luminescent flash of the living cell. 2. It has been found that the scintillon is associated with chevron-shaped crystalline-like particles, identified as guanine. It is hypothesized that the in vivo functional particle comprises additional, but as yet unidentified components. In considering these points in turn, there is no question concerning the particulate nature of the scintillon, since it may be repeatedly diluted or sedimented without loss of activity due to these treatments.
The accompanying hypothesis is difficult to prove unequivocally, but the evidence at hand is certainly very strong in its favor. The fact that the in vitro emission closely resembles the flash of the living cell is very suggestive; both the color and the time course (which lasts a fraction of a second) are very similar (13) . This would scarcely be expected if the particle arose as an artifact during the extraction procedure. Moreover, the fact that the isolated particle can be manipulated and purified while retaining its specific kinetic and other properties, suggests that it exists as a discrete biological entity.
Observations on living cells are even more indicative, for both Gonyaulax and other dinoflagellates are known to emit flashes from discrete spots in the cell (8, 19, 20) . If a living cell is crushed between a slide and cover slip so that the cytoplasm simply flows out, light flashes come from discrete spots when the pH is lowered. It is assumed that these structures correspond on the one hand to those which were evident in the living cell, and on the other hand to the scinfillons which can be purified from this cytoplasm and respond similarly to acid.
The second point has been more difficult to establish and less compelling to accept, for it is not immediately evident why or how a guanine crystal might be associated with a light-emitting particle. The conclusion rests primarily upon the experiment of Fig. 2 , in which a correlation was found between the number of chevron-shaped particles and scintillon activity. A different experiment providing the same conclusion was reported in the publication which first described scintillons (6) . Although that experiment was similar, it was distinctly different because the separation method involved sedimentation for 2 hr through a 5-20°7o sucrose gradient at only 3200 rpm in the International PR-1 centrifuge with the swinging bucket rotor. That procedure, therefore, involved the sedimentation velocity of scintillons, whereas the present result relates to their buoyant denstiy. The scintillon activity is thus correlated with the number of chevron-shaped particles following purification by either of two distinctly different methods.
On some occasions it was found that the peak activity did not correspond exactly to the distribution of the crystals in experiments similar to that of Fig. 2 (13). This is now believed to be due to the fact that spontaneously inactivated scintillons become slightly more dense (Hastings and Vergin, unpublished results), so that the apparent distribution of chevron-shaped particles may not correlate exactly with activity when a mixture of active and inactive particles is present. The disparity in densities between the chevron-shaped guanine crystals from the cell and those from the scintillons requires explanation. If the guanine crystal is indeed associated with the active scintillon, as the experiment of Fig. 2 indicates, then it must be presumed that some additional low density component or components are associated with the crystal. The experiments reported here do not deal directly with this question. But among the additional components of the scintillon must be included a bioluminescent system which is capable of light emission. From the soluble fraction of a cell extract components of a bioluminescent system have been isolated (3, 11, 12) , and it is hypothesized that these are incorporated as a part of the active scintillon. Experiments which support this hypothesis are in progress and will be reported elsewhere.
The functional role of a guanine crystal as a component of the scintillon is not obvious. Crystalline guanine serves as a reflector substance in several biological systems (2, 14, 18) , but this seems an unlikely role in a small unicellular form, since the occurrence of or need for directional emission is not apparent. We would speculate that instead, it functions as a carrier of some sort, or that it may have a role in exciton migration.
This point also suffers from the fact that no chevron-shaped crystals have been found in Noctiluca (8) even though scintillon activity has been demonstrated in Noctiluca and shown to exhibit properties similar to that in Gonyaulax.
Nonluminescent species have also been reported to possess chevron-shaped crystals (22), but since many chevron-shaped crystals not associated with luminescence occur in Gonyaulax (Fig. 5) , it may be that their relationship to bioluminescence is not obligatory. The hypothesis that the scintillon is responsible for the luminescent flash of the living cell has recently been challenged by Sweeney and Bouck (22) on the basis of measurements of the relative amounts of extractable bioluminescence activity attributable to scintillons compared to the soluble system. They reported a greater yield of luminescence from the soluble system, and on this basis questioned the central role of scintillons in the bioluminescence of dinoflagellates. We were unable to confirm this result, finding instead that the total amount of extractable luminescence activity which both they and we reported constitutes only a small fraction of the activity demonstrable in the living cell (13) . As might be expected, the apparent relative proportions of the two activities which one obtains depend on various factors, especially the conditions of assay and the degree of purification.
Even assuming that data of this kind are indicative of the condition in the living cell, it must be recognized that an in vitro measurement of the relative yield of the two systems does not bear critically on the question of function in the intact cell. The matter of primary relevance to be considered is the nature of the control of the reaction: how the bioluminescence is turned on and off with speed and precision to result in the brief brilliant burst of light. A large quantity of free enzyme and substrate could be present in the cytoplasm without being under the control of the flashing mechanism. The organization of the chemical components into a particle is clearly an appropriate method for the compartmentalization and control. The emission in the living cell comes from discrete points, and we have hypothesized that these points correspond to the structures which have been isolated and studied as scintillons.
The actual method for control of the reaction is not understood in any detail. In broad outline it is now known from the work of Eckert on Noctiluca (7) that the luminescent flash is triggered by a bioelectrical event, which may be measured as an action potential of the cell membrane. He speculates that this may act by causing a change in permeability of the membrane which encloses the luminescent organelle, a view which we also have advanced (10, 13) . In Gonyaulax the reaction could be triggered by the entry of H + ion into the scintillon. The intensity of the flash would then be governed by the number of H+ ions entering, which would presumably be fewer than the number of luciferin molecules. The decay time of the flash, which is notable for its relative constancy, would be related to the utilization of these protonated luciferin molecules, the kinetics being a defined property of the system.
